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Energy transductionCytochrome c oxidase (CytcO) is a membrane-bound enzyme, which catalyzes the reduction of di-oxygen to
water and uses amajor part of the free energy released in this reaction to pump protons across themembrane.
In the Rhodobacter sphaeroides aa3 CytcO all protons that are pumped across themembrane, as well as one half
of the protons that are used for O2 reduction, are transferred through one speciﬁc intraprotein proton
pathway, which holds a highly conserved Glu286 residue. Key questions that need to be addressed in order to
understand the function of CytcO at amolecular level are related to the timing of proton transfers fromGlu286
to a “pump site” and the catalytic site, respectively. Here, we have investigated the temperature dependencies
of the H/D kinetic-isotope effects of intramolecular proton-transfer reactions in the wild-type CytcO as well as
in two structural CytcO variants, one inwhich proton uptake from solution is delayed and one inwhich proton
pumping is uncoupled from O2 reduction. These processes were studied for two speciﬁc reaction steps linked
to transmembrane proton pumping, one that involves only proton transfer (peroxy–ferryl, P→F, transition)
and one in which the same sequence of proton transfers is also linked to electron transfer to the catalytic site
(ferryl–oxidized, F→O, transition). An analysis of these reactions in the framework of theory indicates that
that the simpler, P→F reaction is rate-limited by proton transfer from Glu286 to the catalytic site. When the
same proton-transfer events are also linked to electron transfer to the catalytic site (F→O), the proton-
transfer reactions might well be gated by a protein structural change, which presumably ensures that the
proton-pumping stoichiometry is maintained also in the presence of a transmembrane electrochemical
gradient. Furthermore, the present study indicates that a careful analysis of the temperature dependence of
the isotope effect should help us in gaining mechanistic insights about CytcO., negative and positive sides of
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Cytochrome c oxidases (CytcOs) catalyze the oxidation of cyto-
chrome c and reduction of O2 to H2O, and use the free energy derived
from this reaction to pump protons across a membrane. CytcO from
Rhodobacter (R.) sphaeroides is composed of four subunits (SUs) andit carries four redox-active sites. The functional core of the CytcO is
composed of SUs I and II, which hold all four cofactors. Electrons from
cytochrome c are initially donated to a copper site composed of two
copper ions (CuA) from which the electron is transferred to a heme
group, heme a, and then to the catalytic site composed of a heme
group, heme a3, and a copper ion, CuB (for recent reviews on structure
and function of CytcOs, see [1–9]). Even though SUIII does not hold
any redox-active co-factors, it is functionally important in providing
amino-acid residues that are used for proton uptake [10,11] (see also
below). SUIV is composed of a single transmembrane helix and its
function, if any, is unknown.
In order to translocate protons all the way across the membrane a
proton pump must harbor a proton pathway that spans the entire
distance across the membrane. However, the barriers within the
pathway must change during the course of the reaction in order to
drive proton transfer unidirectionally against the proton electro-
chemical potential, and in order to prevent proton leaks driven by the
proton gradient. Changes in the barrier heights may be modulated by
the intraprotein electron-transfer reactions [12]. Alternatively, proton
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also involve changes in pKas of the donors and acceptors such that
in different conformational states proton uptake would take place
exclusively from the more negative (N) side of the membrane and
proton release to the other, more positive (P) side of the membrane.
This phenomenon is often referred to as proton gating. Irrespectively
of the mechanism, the design of a proton pump requires involvement
of a proton-loading site (PLS), which becomes protonated from the
more negative side of the membrane and then releases its proton to
the other side (for a general discussion on design principles of proton
pumps, see [5,6,13,14]).
In the A-type oxidases (for a discussion of a classiﬁcation of the
oxidases, see [15,16]), to which the mitochondrial and R. sphaeroides
CytcOs belong, two proton pathways are used for proton uptake
during O2 reduction, the K and D pathways (Fig. 1). A third (H)
pathway has also been suggested to be used in the mitochondrial
CytcO [17], but it is not functional in the R. sphaeroides CytcO [18] and
therefore it is not discussed here. The K pathway is used for uptake of
two substrate protons upon reduction of the catalytic site (“substrate”
refers to the protons being used for reduction of O2 to water at the
catalytic site, c.f. “pumped protons”), while the D pathway is used to
transfer the remaining two substrate protons as well as all four
protons that are pumped across the membrane [19–21]. The D
pathway starts near a highly conserved Asp residue (Asp132) and
leads to another highly conserved residue, Glu286. The two proto-
natable residues are connected by a chain of 10–12 water molecules,
which form a hydrogen-bonded chain. The PLS of CytcO has not been
identiﬁed, however, there is consensus in the ﬁeld that the trajectory
leads via one of the heme a3 propionates (propionate D), “above”
Glu286, and propionate A is a possible candidate for a PLS [22–25]
(see Fig. 1).Fig. 1. Structures of the D and K proton pathways in CytcO from R. sphaeroides.
The positions of amino-acid residues discussed in this work are indicated. The
red spheres are water molecules. During CytcO turnover electrons are transferred from
CuA (not seen in this ﬁgure, located above heme a) to heme a and then to the catalytic
site, which consists of heme a3 and CuB. Protons that are pumped across the membrane
are transferred through the D pathway. The ﬁgure was prepared using the program
PyMOL [88] (cytochrome c oxidase (PDB ID: 1M56)).Proton pumping in CytcO takes place in four well-deﬁned reaction
steps where electrons are transferred consecutively, one-by-one to
the catalytic site (see Fig. 2a) [13,26–28]. Upon transfer of the ﬁrst
electron to CytcO, the state that is formed is denoted E1 (where the
superscript denotes the number of electrons transferred to the
catalytic site). Upon transfer of the second electron the catalytic
site, both heme a3 and CuB are reduced (R2) and oxygen binds to heme
a3 forming state A2 (not shown in Fig. 2a). In the next step the O\O
bond is broken, which results in formation in a state called peroxy (for
historical reasons), denoted P2 (also PM). Transfer of a third electron
to the catalytic site results in formation of the ferryl state F3. Finally,
transfer of a fourth electron results in formation of the oxidized CytcO,
O4: O0→E1→(R2→A2→P2)→F3→O4, where the reaction in pa-
rentheses involves only O2 binding and O\O bond cleavage. Each of
the steps outside of the parentheses involves electron and proton
transfers to the catalytic site, which drives the proton translocation in
each of these four steps (note that states O0 and O4 are equivalent
when considering the number of electrons residing at the catalytic
site. This is because in both cases heme a3 and CuB are oxidized).
Because residue Glu286 is located at the end of the D proton
pathway, it deﬁnes a branching point from which protons are
transferred along different trajectories to the catalytic site and the
PLS, respectively (see Fig. 1). A possibility to study these proton
transfers separately from the electron transfer is offered when
investigating the reaction of the four-electron reduced CytcO with
O2 (for review see e.g. [3]). Here, after binding of O2 to the catalytic
site, an electron is transferred directly from heme a forming a state
that is chemically similar to P2 (PM), but which carries one more
electron at the catalytic site. This state is formedwith a time constant1
of ~30 μs and it is called P3 (also PR) (Fig. 2b). Because in P3 there is
onemore electron at the catalytic than in the P2 (PM) state the P3→F3
reaction does not involve any electron transfer, but only proton
transfer to the catalytic site, as well as proton pumping. Both reactions
occur with a time constant of ~100 μs at pH 7 [29], which is rate-
limited by proton transfer from Glu286 to the catalytic site [30,31].
During steps P3→F3 and F3→O4 the substrate protons as well as
pumped protons are transferred through the D pathway [21]. In other
words, in each of these reactions two protons are transferred through
the D pathway, where one is transferred to the catalytic site while the
other is transferred to the PLS.
In order to elucidate these processes, in the present study we
have investigated the temperature dependencies of reactions asso-
ciated with proton and deuteron-transfer through the D pathway in
the wild-type four-subunit CytcO, in the two-subunit CytcO (lacking
SUIII, SUIII−) in which proton uptake to the D pathway is impaired
during the P3→F3 reaction and occurs over the same time scale as
the F3→O4 transition (see Fig. 2c) [11,32] and in a mutant of the
CytcO (Asn139Asp) in which proton pumping is impaired [33,34]
(see Fig. 2d). The kinetic (deuterium) isotope effects (KIE2, i.e. the
ratio of a speciﬁc reaction rate measured in H2O and in D2O) for the
wild-type and N139D mutant CytcO have been reported previously,
but not their temperature dependencies. The KIEs for the SUIII−
CytcO have not been reported previously. We noted that earlier
studies of KIEs have provided functional insights into enzymatic
systems [35,36]. In addition, the temperature dependence of nuclear
quantummechanical effects (NQM) can provide valuable information
about the potential of mean force for the donor–acceptor distance
[37] and thus can help in understanding proton-transfer mechanisms
in CytcO.1 Time constants are given as (rate constant)−1.
2 The ratio of proton/deuteron transfer rates in H2O and in D2O, respectively.
Fig. 2. Schematic representation of electron and proton-transfer reactions in CytcO. The CytcO is illustrated by colored boxes where the circles represent the redox-active metal sites
(empty and ﬁlled circles represent oxidized and reduced sites, respectively). In (b)–(d), EH and E− are the protonated and deprotonated forms of Glu286, respectively. (a) During
turnover when electrons are transferred to the catalytic site one-by-one. (b) During reaction of the four-electron (fully) reduced wild-type CytcO with O2. In the P3→F3 reaction
there is no internal electron transfer and the transition is only accompanied by proton uptake and pumping. During F3→O4 there is electron transfer to the catalytic site (in reality
the electron at CuA equilibrates with heme a in F3, but for simplicity it is indicated to be present at CuA) as well as proton uptake and pumping (c.f. the corresponding reactions during
turnover in (a)). (c) SUIII− CytcO, same reaction as in (b). Here, there is no proton uptake from solution during P3→F3 and during F3→O4 two protons are taken up (to the catalytic
site and to re-protonate Glu286) and there is presumably also proton pumping. (d) Asn139Asp CytcO, same reaction as in (b), except that here there is no proton pumping.
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2.1. Preparation of R. sphaeroides CytcO
The R. sphaeroides bacteria were grown aerobically in shaker
incubators and the His-tagged wild-type and Asn139Asp mutant
(obtained from R.B. Gennis, [33]) variants of CytcO were puriﬁed
using afﬁnity chromatography as described in [38]. To obtain enzyme
lacking subunit III (SUIII−), wild-type CytcO was treated with Triton
X-100 [39] and the absence of SUIII was conﬁrmed using SDS-PAGE.
The puriﬁed enzyme was stored in −80 °C until use.
2.2. Preparation of fully reduced CytcO
The CytcO buffer in which the enzyme was stored was replaced by
buffer containing HEPES (0.1 M, pH 7.5) or CAPS (0.1 M, pH 10.0),
100 μM EDTA and 0.05% n-dodecyl-β-D-maltoside (DDM) usingconcentration tubes (Amicon Ultra, Ultracel 100K, 1.16 Millipore).
The CytcO was found to be stable at pH 10 as after lowering the pH
from 10 to ~7 the same behavior was observed as with the pH 7
samples. Samples to be used in D2O experiments were prepared in
the same way (the fraction of H2O remaining after buffer exchange
was estimated to be less than one percent). The samples were diluted
to a ﬁnal concentration of 10 μM and transferred to an anaerobic
cuvette. The air in the cuvette was exchanged for N2 on a vacuum line
and CytcO was reduced by adding 2 mM reductant and 1 μM redox
mediator (for samples in H2O ascorbate and hexaammineruthenium
(III) chloride, and for samples in D2O ascorbate and phenazine
methosulfate was used). When the enzyme was fully reduced the N2
gas was removed and replaced by CO. The reduction of the enzyme as
well as binding of CO was veriﬁed using UV–vis spectroscopy.
The experiments in H2O and in D2O were done at the same pH-
meter reading (pHobs). Due to the deuterium-isotope effect on the pH-
glass electrode, pD=pHobs+0.4 (see [40]). The deuterium-isotope
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pKaD=pKaH+0.4). Thus, at a given pH-meter reading the “proton-
ation” state of the group is approximately the same in H2O and D2O.
However, the concentration of deuterons in D2O or protons in H2O is
different at a given pH-meter reading. Consequently, the major
fraction of the experiments in this study was done at pHobs=7.5
where the pH dependence of the reactions that were studied is small.
2.3. Temperature dependence studies using ﬂow-ﬂash spectroscopy
Fully reduced, CO-bound CytcO was transferred to a modiﬁed
stopped-ﬂow apparatus (Applied photophysics) and rapidly mixed
(b10 ms) with a buffer saturatedwith oxygen at a ratio of 1:5 (~1 mM
O2 after mixing at room temperature). The CO ligand was removed
using a short laserﬂash (~8 ns pulse, 200 mJ, 532 nm,Nd-YAGQuantel
Brilliant B) after which O2 could bind to the catalytic site of CytcO. The
reaction between CytcO and oxygen was monitored by measuring
absorbance changes at speciﬁc wavelengths. To be able to study the
temperature dependence of this reaction, the temperature was
controlled around the cuvette using a thermostated water-circulating
bath. The temperature wasmeasured around the reaction cuvette. We
also veriﬁed that the effect on the measured rates as a result of
temperature-induced pH changes of the solutions (c.f. temperature
coefﬁcient of the buffer) was negligible.
The solubility of O2 in water changes by a factor of two between
0 °C and 30 °C and the O2 concentration determines the rate of O2
binding to heme a3 in CytcO. However, in a saturated O2 solution at
20 °C this reaction rate is at least a factor of ~10 faster than that of the
reactions studied in this work. Therefore, changes in O2 solubility do
not affect the results from the present study.
3. Theory
The proton transfer from Glu286 to the catalytic site during the
P3→F3 reaction is the most likely rate determining process of the
overall reaction and exploration of the temperature dependence of
the KIE can in principle shed light on the details of this proton transfer
path. The results from our previous study of this path [41] indicated
that it most likely involves a bridge of two water molecules where the
proton-transfer reaction is coupled to a rotation of Glu2863. In the
present work we focus on a parametric examination of the KIE and on
relating the results to speciﬁc molecular factors.
The theoretical analysis can be done by evaluating the actual
empirical valence bond (EVB) surface of the proton-transfer process
[42] and using the quantum classical path (QCP) centroid path integral
approach developed in previous studies of nuclear quantummechanical
(NQM) effects in chemical reactions in solution and proteins [43,44].
This strategy has been adopted recently by other researchgroups aswell
(see e.g. [45–47]).
In the QCP approach, the nuclear quantum mechanical rate
constant is expressed as
kqm = FqmkBT = h exp −βΔG
‡
qm
 
ð1Þ
where Fqm, kB, T, h, and β are, respectively, the transmission factor, the
Boltzmann constant, the temperature, the Planck constant, and β=1/
kBT. The quantum mechanical activation barrier, ΔG‡qm, includes
almost all the nuclear quantum mechanical effects, whereas only
small effects originate from the pre-exponential transmission factor in
the case of systems with a signiﬁcant activation barrier [48,49].3 If not otherwise indicated, amino-acid residues are numbered according to the
Rhodobacter sphaeroides CytcO sequence.The quantum mechanical free energy barrier, Δg‡qm, can be
evaluated using Feynman's path integral formulation [50], where
each classical coordinate is replaced by a ring of quasiparticles that are
subjected to the effective “quantum mechanical” potential:
Uqm = ∑
p
k=1
1
2p
MΩ2Δx2k +
1
p
U xkð Þ ð2Þ
Here, Δxk=xk+1−xk (where xp+1=x1),Ω=p/ β, p is the number
of quasiparticles,M is themass, and U is the actual potential used in the
classical simulation. The total quantum mechanical partition function
can then be obtained by running classical trajectories of the quasipar-
ticles with the potential Uqm. The probability of being at the transition
state is thisway approximated by a probability distribution of the center
of mass of the quasiparticles (the centroid) rather than the classical
single point. Thus, we follow the strategy of the centroid path integral
method [51–53]. However, the regular centroid approach requires one
to consider the trajectory of all the quasiparticles and thus theuse of this
approach in condensed phase reactions are very challenging and may
havemajor convergence problems. TheQCP approach offers an effective
and rather simple way for evaluating this probability without changing
the simulation program signiﬁcantly. This is done by propagating
classical trajectories on the classical potential energy surface of the
reacting system and using the positions of the atom of the system to
generate the centroid position for the quantum mechanical partition
function. This treatment is based on the ﬁnding that the quantum
mechanical partition function, Zq, can be expressed as [43,44,54,55]:
Zq xð Þ = Zcl xð Þ〈〈exp − β=pð Þ∑
k
U xkð Þ−U xð Þ
 
〉fp〉U ð3Þ
coincides with the current position of the corresponding classical
particle, and 〈…〉U designates an average over the classical potential U.
Using Eq. (3), we can obtain the quantum mechanical free energy
surface by evaluating the corresponding probability by the combined
free energy perturbation umbrella sampling (FEP-US) approach of the
EVB method [42]. Now we use the double average of Eq. (3) rather
than an average over a regular classical potential. At any rate, themain
point of the QCP is that the quantum-mechanical free energy function
can be evaluated by a centroid approach that is constrained to move
on the classical potential. This provides stable and relatively fast
converging results that have been shown to be quite accurate in
studies of well deﬁned test potentials, where the exact quantum
mechanical results are known (e.g. [43]).
In order to obtain the NQM effect we run classical trajectories of the
quasiparticles on the “quantum mechanical” potential given by Eq. (2).
For these trajectories, we have used 18 particles (less than 10 particles
gives unstable results). Also, since any reliable protein investigation
should average the relevant energies over different protein conﬁgura-
tions, the energy of the quasiparticle trajectory has been averaged for
every 0.5 fs of a 100 ps protein simulation. In order to compensate for
the comparatively short simulation over the protein conﬁgurations (it
turns out to be very time consuming to average both over protein and
quasiparticle conﬁgurationswith an18 particle system), the systemwas
ﬁrst equilibrated thoroughly for 500 ps.
While the QCP can be very effective we can also obtain signiﬁcant
insights by using a simpliﬁed vibronic approach [45,56–60] in a
parametric way. The vibronic treatment provides a quasiharmonic
rate constant which involves a Boltzmann sum from contributions
(kam, bm) of transitions between vibronic states. The high temperature
limit of each vibronic rate constant is given by [56,57].
kam;bm′ = HabSmm′ =ℏj j2 πℏ2 =kBTλ
 1=2
exp −Δg≠mm0β
n o
ð4Þ
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minimum of the reactant state, instead of the ΔG≠ that reﬂects all
the available conﬁgurations in the reactant state (see [83]), and the
effect of the reactant state conﬁguration is assumed to be included in
the vibronic sum. Here λ is the “reorganization energy” deﬁned by
λ = Δεbah ia−ΔG0 ð5Þ
where Δεba and ΔG0 are the energy gap between the potentials of
state b and a (averaged over trajectories on state a) and standard free
energy. Eq. (4) reﬂects the probability of a vibronic transition from the
reactant well to the product well (as determined by the vibrational
overlap integrals (the Smm′) modulated by the chance that Δε would
be zero). This chance is determined by the activation free energy,Δg≠,
whose value can be approximated by
Δg≠mm′ ≈ ΔG
0 + ∑
r
ℏωr m′r−mr
 
+ λ
 	2
= 4λ ð6Þ
whereωr is the vibrational frequencyof theX\Hbond. This relationship
is only applicable if the system can be described by the linear response
approximation (see [56]), but this does not require the system to be
harmonic. The above vibronic treatment is similar to the expression
developed by Kuznetsov and Ulstrup [60]. However, the treatment that
leads to Eq. (13), which was developed by Warshel and coworkers
[56,57,61], is based on a more microscopic approach and leads to much
more consistent treatment of Δg≠, where we can use rigorously ΔG0
rather than ΔE. Furthermore, our dispersed polaron (spin boson)
treatment [56] gives a clear connection between the spectral distribu-
tion of the solventﬂuctuations and the low temperature limit of the rate
constant. It is also useful to note that Borgis and Hynes [62] and
Antoniou and Schwartz [63] have used a similar treatment but
considered only the lowest vibrational levels of the proton.
As we repeatedly noted (e.g. [37]), the use of the above vibronic
treatment is only valid in the diabatic limit when HabSmn2 is sufﬁciently
small. Now, in cases of proton transfer, hydrogen transfer and hydride
transfer (HT) processes, Hab is far too large to allow for a diabatic
treatment. However, it is more signiﬁcant to ask what is the magnitude
of HabSmn2 . Here we note that for 0→0 transitions, Smn may be quite
small, since it is given by S00=exp{−Δ2/4} where Δ is the dimension-
less origin shift. Now, using the fact that Δ is 6.5 for Δr=0.6 Å and the
proper dimensionless conversion (e.g. [64,65]), we obtain for proton
and hydrogen transfer (or the corresponding deuterated system) the
relationship [37]:
kHao;bo ∝ H2abexp −Δ2H = 4
 
× exp −Δg≠00β
 
≅ H2abexp −58 × Δr2
 
× exp −Δg#00β
n o
kDao;bo ∝ H2abexp −Δ2D = 4
 
× exp −Δg≠00β
 
≅ H2abexp −58 × Δr2 ×
ﬃﬃﬃ
2
p 
× exp −Δg≠00β
n o
: ð7Þ
With this we can write
kHao;bo Δrð Þ= kDao;bo Δrð Þ ≈ exp 24Δr2
n o
: ð8Þ
This expression is given for single Δr and a more consistent
expression can be obtained by integrating the vibronic rate constant
over the “soft” coordinates, and in particular the X⋯Y distance R,
which is related to Δr as Δr=R−2b, where b is the X\H bond length,
which is typically 1.05 Å. This can be done by writing:
kab = ∫kab Rð Þ exp −w Rð Þβf gdR = ∫exp −w Rð Þβf gdR ð9Þwherew(R) is the potential ofmean force (PMF for the donor–acceptor)
distance. If the main contribution to kab originates from ka0,b0, then we
can approximate the KIE by
KIE ≅ kHa0;b0 = k
D
a0;b0 ≅ ∫F R; Tð Þe−58 R−2bð Þ
2
dR= ∫F R; Tð Þe−58 R−2bð Þ
2 ﬃﬃ2p dR
ð10Þ
where
F R; Tð Þ = H2ab Rð Þ=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
λ Rð Þ
p 
exp − w Rð Þ + Δg≠00 Rð Þ
 
β
n o
: ð11Þ
If we assume that λ and Hab are independent of R in the region
with the largest contribution to k00 we can write
KIE ≅ ∫exp −58 R−2bð Þ2−w≠ Rð Þβ
h i
dR= ∫exp −58 R−2bð Þ2
ﬃﬃﬃ
2
p
−w≠ Rð Þβ
h i
dR ð12Þ
where w≠(R)=w(R)+Δg00≠(R). Eq. (12) can be used as a qualitative
guide, but we must keep in mind that we are dealing with a very
qualitative approximation here (see [37]).
In order to obtain useful parametric representation for the above
equations we introduced the following approximations:
Δg≠00 Rð Þ = ΔG0 + λ Rð Þ
h i2 = 4λ Rð Þ
λ Rð Þ = 40 R−2ð Þ2 if R N 2
= 0:01 R−2ð Þ2 if R ≤ 2
w Rð Þ = K R−R0ð Þ2
ð13Þ
where, K and R0 are the force constant and position of the minimum,
respectively, for the potential of mean force (PMF) between the donor
and acceptor. In the presented results we have used K=5 kcal/
mol−1 Å−2 and R0=3.6 Å. Also, we have used ΔG0=0. Note that we
have suitably adjusted these parameters to ﬁt the calculated rate constant
(k) and KIE to the experimental results presented in Figs. 4 and 5(a–b).
Also, we have introduced a weak temperature dependence in the force
constant (K) of the PMF to reproduce the temperature dependence of KIE.
In the adiabatic limit we have to use the QCP approach, writing
kqm ≈ ∫k Rð Þqme
−w Rð ÞβdR= ∫e−w Rð ÞβdR
= ∫ kBT = hð Þe− Δg
≠
cl Rð Þ + w Rð Þ½ βe−ΔΔg
≠
qm Rð ÞβdR = ∫e−w Rð ÞβdR
ð14Þ
where ΔΔgqm≠ is the quantum correction. We can also write
kqm = ∫P Rð Þ≠cl kBT = hð Þe−ΔΔg
≠
qm Rð Þβ ð15Þ
where
P Rð Þ = e− Δg
≠
cl Rð Þβ+w Rð Þβð Þ∫e−w Rð ÞβdR = e−Δw
# Rð ÞβÞ∫e−w Rð ÞβdR ð16Þ
is the classical probability of being at the transition state for different
values of the donor and acceptor distance and w is the potential of
mean force, PMF, for the distance between the donor and acceptor.
4. Experimental results
In Fig. 3 are shown absorbance changes at 580 nm during
oxidation of the four-electron reduced CytcO in H2O and D2O. The
increase in absorbance in the time range 100–300 μs is associated
with formation of the F3 state from P3 (PR) (τ≅100 μs) while the
following decrease in absorbance (in the time range N300 μs) is
associated with the F3→O4 reaction. The ratio of the P3→F3 and
F3→O4 rates measured in H2O (kH) and in D2O (kD), i.e. the KIE was
~2.0 and 7.7 at ~20 °C (i.e. at room temperature, RT), respectively,
consistent with previous observations [66–71]. The temperature
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Fig. 3. Absorbance changes at 580 nm associated with reaction of the four-electron
reduced CytcO with O2: (a) wild-type CytcO (b) SUIII (−) CytcO and (c) Asn139Asp
mutant CytcO in H2O (green) and D2O (red). The increase in absorbance is associated
with the P3→F3 reaction, while the following decrease in absorbance is associated with
the F3→O4 reaction. The rate constants of the P3→F3 and F3→O4 reactions were
extracted from these data at 580 nm (as well as at 445 nm in the case of the F3→O4) by
ﬁtting the traces to sums of exponential functions. The black solid lines show such ﬁts.
The rate constants are plotted in Fig. 4. Experimental conditions: ~2 μM reacting
enzyme, 0.1 M HEPES pH-meter reading 7.5, 100 μM EDTA, 0.05% DDM, ~1 mM O2 (at
RT) and the temperature was ~20 °C.
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type CytcO in H2O and D2O is shown in Fig. 4a, and the parameters
extracted from these data are summarized in Table 1.
The same reaction was also investigated with CytcO in which SUIII
was removed (SUIII-) (Fig. 2c). Without SUIII proton uptake through
the D pathway is slowed such that after proton transfer from Glu286
to the catalytic site during the P3→F3 transition, re-protonation of the
Glu from solution is delayed by a factor of N10 [11,32]. In other words,
the P3→F3 transition occurs only as a result of internal proton
transfer to the catalytic site and the reaction is not accompanied by
proton uptake from solution [32]. The next reaction, F3→O4 thus
involves a net uptake of at least two protons (see Fig. 2c), one proton
is transferred to the catalytic site, a second proton is transferred to re-
protonate Glu286. The SUIII− CytcO pumps protons with a stoichi-
ometry of ~65% of that of the wild-type CytcO [72]. Because there is no
proton uptake in P3→F3 reaction, in Fig. 2c we have assumed that one
proton is pumped during the F3→O4 reaction. This assumption does
not affect the conclusions from the present study. For the SUIII−
CytcO the KIE for the P3→F3 and F3→O4 rates was ~2.2 and 5.2 at RT,
respectively, i.e. similar to the values obtained with the intact wild-
type CytcO. Fig. 4b shows the temperature dependence of the P3→F3
and F3→O4 transition rates in H2O and in D2O, and the parameters
extracted from these data are summarized in Table 1.We also investigated the P3→F3 and F3→O4 reactions in a CytcO
mutant that is fully active, but in which proton pumping is uncoupled
from O2 reduction, Asn139Asp [33,73–77]. In this mutant CytcO each
of these transitions is linked to the uptake of one proton to the
catalytic site, but there is no uptake or release of protons that are
pumped (see Fig. 2d). For the Asn139Asp CytcO the KIE for the P3→F3
and F3→O4 rates was ~2.0 and 7.0 at RT, respectively, i.e. similar to
the values obtained with the intact wild-type CytcO. The temperature
dependence of the reactions in H2O and in D2O is shown in Fig. 4c. The
reaction was also investigated at pH 10 because in this mutant CytcO
the Glu286 pKa is increased from 9.4 in thewild-type (data not shown,
but the parameters are given in Table 1 along with all other
parameters for this mutant CytcO) [31] to ~11 [73].
4.1. Determination of the thermodynamic parameters from the data
The empirical, experimentally determined Arrhenius activation
energies, Ea, were calculated from the slope of:
ln kH=D = ln A−Ea=R
1
T
 
ð17Þ
Table 1
Kinetic-isotope effects and thermodynamic and kinetic parameters of the P3→F3 and F3→O4 reactions in the wild-type (WT), two-subunit (SUIII−) and Asn139Asp (N139D)
mutant CytcOs. The parameters are extracted from the data shown in Fig. 4. The data with the Asn139Asp mutant CytcO at pH 10 are not shown in that ﬁgure.
CytcO H2O or D2O
(pH meter)
P3→F3 F3→O4
KIE at RT Ea
(kcal/mol)
ΔH≠
(kcal/mol)
−TΔS≠
(kcal/mol)
ΔG≠
(kcal/mol)
KIE at RT Ea
(kcal/mol)
ΔH≠
(kcal/mol)
−TΔS≠
(kcal/mol)
ΔG≠
(kcal/mol)
WT H2O (7.5) 5.4±0.6 4.8±0.6 6.3±0.4 11±1 12.0±0.8 11.4±0.8 1.07±0.05 12.5±1
WT D2O (7.5) ~2.0 9.3±1.3 8.7±1.3 2.7±0.3 11±2 ~7.7 13.0±0.9 12.4±0.9 1.19±0.09 13.6±1
SUIII− H2O (7.5) 4.3±0.7 3.7±0.7 7.8±0.7 12±2 17.5±0.2 16.9±0.2 −4.52±0.05 12.4±0.3
SUIII− D2O (7.5) ~2.2 8.5±0.4 7.9±0.4 3.9±0.1 12±0.5 ~5.2 17.2±0.4 16.6±0.4 −3.27±0.07 13.3±0.5
N139D H2O (7.5) 7.9±1.6 7.3±1.6 3.6±0.5 11±2 11.0±0.4 10.4±0.4 1.79±0.06 12.2±0.5
N139D D2O (7.5) ~2.0 11±1 10±1 1.0±0.07 11±1.2 ~7.0 15.5±0.4 14.9±0.4 −1.79±0.05 13.1±0.5
N139D H2O (10) 7±2 6±2 5±1 11±3 13.6±1 13±1 1.0±0.1 14.0±1.1
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(subscript “D”), A is a constant, R is the molar gas constant and T is the
temperature. The Ea values for all experiments outlined above are
summarized in Table 1.
The transition state theory gives:
kH=D =
kBT
h
eΔs
≠
=R e−ΔH
≠
=RT ð18aÞ
ln kH=D = ln
kBT
h
+
ΔS≠
R
 !
−ΔH
≠
R
1
T
ð18bÞ
ΔH≠ = −R
d ln kH=D
d 1 = Tð Þ ð19Þ
ΔG≠ = ΔH≠−TΔS≠ ð20Þ
ΔG≠ = −RT ln kH=D

kBT
h
0
B@
1
CA= −RT ln kH=D
6⋅1012
 !
ð21Þ
where ΔH≠, ΔS≠ and ΔG≠ are the standard enthalpy, entropy and
Gibbs energy of activation, respectively. It has been established that in
condensed phase and in biological systems Eq. (18a) is extremely
useful and that it only needs to be multiplied by a transmission factor
to give the exact classical term (see [78]). Furthermore, there is now
consensus in the ﬁeld that the transmission factor is close to onewhen
ΔG≠N5 kcal/mol (see references in [55] and [49]). In addition, even
the inclusion of NQM does not change these conclusions because the
main NQM corrections are included in the quantum free energy (see
[43,53]) and the quantum transmission factor also appears to be close
to one [48].
In view of the discussion above, ΔH≠ was determined from
Eq. (19),−TΔS≠ from Eq. (18b) and ΔG≠ from Eq. (21). The data are
summarized in Table 1. From these data we can also estimate the KIE
as a function of 1/T, which is shown for the P3→F3 and F3→O4
reactions in Fig. 5a and b.
5. Discussion
Wehave investigated the temperature dependencies of theH/DKIEs
of the P3→F3 and F3→O4 reactions in thewild-type CytcO aswell as in
two structural CytcOvariants, one inwhichproton uptake from solution
is delayed and one in which proton pumping is uncoupled from O2
reduction. As discussed below, an analysis of these reactions in the
framework of theory indicates that the simpler, P3→F3 reaction is rate-
limited by proton transfer from Glu286 to the catalytic site. This proton
transfer involves a change in the conﬁguration of the Glu286 side chain,
but thismovement is not suggested to be involved in proton gating (see
ref. [41]). When the same proton-transfer events are also linked toelectron transfer to the catalytic site, i.e. the F3→O4 reaction, the
proton-transfer reactions may be gated by a protein structural change,
presumably controlling the release of the pumped proton from the PLS.
In this section, we start with a general discussion of proton transfer
and pumping in the investigated reaction steps of CytcO and then we
continue to a more detailed discussion in the framework of theory.
5.1. Background
Results from earlier studies showed that the kinetic-isotope effects
(KIEs) are distinctly different for the P3→F3 (τ≅100 μs at pH 7.5) and
F3→O4 (τ≅1 ms at pH 7.5) reactions. First, we recapitulate the
differences and similarities of these two reactions (see Fig. 2). The
F3→O4 reaction involves all events that occur during CytcO turnover,
i.e. electron transfer via heme a to the catalytic site, proton uptake to
the catalytic site as well as the uptake and release of a proton that is
pumped. In contrast, for the preceding step, P3→F3, the electron is
alreadypresent at the catalytic site (inP3) and the reactiononly involves
proton transfer to the catalytic site aswell as the uptake and release of a
proton that is pumped across the membrane. In other words, the
difference between the P3→F3 and F3→O4 reactions is that only the
latter involves intramolecular electron transfer to the catalytic site.
The P3→F3 reaction, which in the wild-type CytcO is accompanied
by proton uptake from solution, displays a small KIE of ~2, which is
typicalwhen the donor and acceptor are in a close distance. The F3→O4
reaction displays a much bigger KIE of 7–8 in the R. sphaeroides CytcO
[67,69,79] and itwas found that this largeKIE is associatedwith anevent
(possibly a structural change) that controls both electron transfer to the
catalytic site and the release of the proton that is pumped across the
membrane [70]. This structural change is also likely to be linked to a re-
orientationof theGlu286 sidechain [80]. These conclusionsare basedon
the following additional observations, which are relevant for the
discussion below:
(i) Even though the uptake of the substrate proton, pumped
proton and formation of the F3 state during in the P3→F3
reaction display a KIE of ~2, the release of the pumped proton
in this reaction step displays a KIE of ~7, i.e. the same KIE as that
observed for the F3→O4 reaction [70]. In other words, the
release of the pumped proton is delayed in D2O. One
interpretation of this observation is that the F3→O4 rate is
determined by the proton release.
(ii) During the F3→O4 transition, as already mentioned above, all
reaction steps display the same large KIE of 7–8 (τ≅1 ms in
H2O and ~7 ms in D2O at pH/pD 7). If intramolecular electron
transfer is slowed by more than a factor 100 to ~150 ms (in the
Met263Leu mutant CytcO [69]), the reaction still slows by a
factor of ~8 in D2O (τ≅1.3 s). However, if proton uptake is
slowed by a factor of ~500 to yield a time constant of ~0.5 s (in
the Asp132Asn mutant CytcO), the KIE was only 1.6 [71]. In
other words, it appears that the large KIE of 7–8 is associated
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transfer within CytcO itself; if the F3→O4 reaction is slowed
due to proton uptake from the outside solution, no further
slowing in D2O is observed.
5.2. Thermodynamic parameters for the different types of CytcO
The data from this study show that for the P3→F3 reaction in the
wild-type CytcO theΔH≠ values are almost a factor of ~2 larger in D2O
than in H2O, while the opposite is observed for −TΔS≠, yielding
similar ΔG≠ values. This difference between the ΔH≠ and −TΔS≠
parameters is discussed in more detail below. Essentially the same
KIE,ΔH≠ and−TΔS≠ values were obtained for the two-subunit CytcO
where the P3→F3 transition is only associated with internal proton
transfer from Glu286 to the catalytic site and is not followed by
immediate re-protonation of Glu286 (Glu286 is left in the ionized
state) (see Fig. 2c). Also with the non-pumping Asn139Asp mutant
CytcO the KIE for the P3→F3 reaction was about the same as for the
wild-type CytcO. Furthermore, as with the wild-type and SUIII−
CytcOs, the ΔH≠ values were smaller in H2O than in D2O while the
−TΔS≠ values were larger in H2O than in D2O. However, for the
Asn139Aspmutant CytcO theΔH≠ and−TΔS≠ values were in general
slightly larger and smaller, respectively, than the corresponding
values in the wild-type CytcO. This difference is not surprising given
that the conﬁguration of Glu286, the internal proton donor to the
catalytic site, is likely to be different [41,80].
The situation is notably different for the F3→O4 reaction. Here, the
ΔH≠ and −TΔS≠ values were within the error the same in H2O and
D2O for both the wild-type and two-subunit (SUIII−) CytcOs, i.e. for
each type of CytcO the two thermodynamic parameters were
insensitive to isotopic exchange. When considering the difference
between the wild-type and the SUIII− CytcOs, we note that ΔH≠ was
larger for the former and that in the latter case the value of −TΔS≠
was negative (see more detailed discussion below).As already mentioned above, the observation of a much larger KIE
for the F3→O4 than for the P3→F3 reaction suggest that these
reactions are likely to be rate-limited by proton transfer processes of
different nature. Furthermore, the observation that the thermody-
namic parameters associated with the F3→O4 reaction were
insensitive to the isotopic exchange indicates that the reaction
involves signiﬁcant structural changes around the donor and/or
acceptor.
A different situation was obtained in the non-pumping Asn139Asp
mutant CytcO where the activation enthalpy values were different in
H2O and D2O for the F3→O4 reaction; ΔH≠ was smaller in H2O
(~10 kcal/mol) than in D2O (~15 kcal/mol). Furthermore, in D2O the
−TΔS≠ value was negative (while it was positive in H2O). These data
indicate that for the F3→O4 transition the rate-limiting reaction(s) is
different in the non-pumping Asn139Asp mutant than in the wild-
type CytcO. Furthermore, the data with the Asn139Asp mutant CytcO
support the conclusion that in the wild-type CytcO the rate-limiting
reaction is closely linked to the release of pumped protons (the
Asn139Asp mutant CytcO does not pump protons in H2O, but in D2O it
displays a pumping stoichiometry of ~30%).
5.3. Computational results for the temperature dependent KIE
Using Eqs. (9), (12) and (13) above, and looking for the best
parameters to reproduce the observed experimental trends in Figs. 4
and 5 we have obtained the results presented in Fig. 5c and d. We ﬁnd
that the parameters in above equations can be adjusted suitably to
reproduce the observed temperature dependence of KIE for the WT
and Asn139Asp mutant in both the P3→F3 and F3→O4 reactions. An
interesting observation is that in case of the P3→F3 reaction we can
reproduce the slightly larger slope of KIE versus temperature for WT
compared to the Asn139Asp mutant [see Fig. 5a] by using a PMF with
slightly larger R0. It means that in this case the equilibrium distance
between the proton donor and acceptor is larger than for the
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the wild-type CytcO the Glu286 side chain points away from the
catalytic site compared to the Asn139Asp CytcO (see [41]) as observed
in the X-ray crystal structure of the mutant CytcO from P. denitriﬁcans
[81]. Using a stronger temperature dependence of PMF we can also
reproduce the observed trend for F3→O4 reaction (not shown here),
but it becomesmore difﬁcult to consistently ﬁt both the observed rate
constant (k) and the KIE. It demands further careful reﬁnement of the
functional forms chosen in Eqs. 9–13.
Although we have not performed systematic QCP calculations of
the temperature dependence (because the analysis requires major
effort (see [37]), which is not justiﬁed before we have more certain
understanding of the actual PT paths), it is useful to point here to the
potential of this approach in the analysis of reactions in CytcO. For
example, our recent study for the Asn139Asp mutant [41] has
generated the surface shown in Fig. 6 for the proton transfer from
Glu286 to the catalytic site through a bridge of two water molecules
(W1 and W2 in Fig. 6). This surface reﬂects also the PMF of rotating
Glu286 to a position, which brings the donor and acceptor to an
optimal distance (R0=3.0 Å). The ﬁgure also includes the NQM
correction calculated by the QCP approach for protons and deuterons,
leading to a KIE of ~7. When the donor and acceptor distance
increases to 3.5 Å the KIE becomes even larger.
5.4. Qualitative analysis of the thermodynamic parameters
The slope of the temperature (1/T) dependence of the KIE in the
Asn139Aspmutant CytcO is positive, although to a different degrees in
both the P3→F3 and F3→O4 reactions (compare ratios of Ea values in
H2O and D2O, Table 1), which is consistent with the same proton
transfer being rate limiting, i.e. the absence of proton pumping by this
mutant CytcO. However, in order to obtain more accurate data, this
issue must be explored with QCP calculations and with EVB free
energy surface for the F3→O4 transition.
The decomposition of the activation free energy change, ΔG≠, to
the entropic and enthalpy components (Table 1) can potentially offer
insights into the molecular nature of the proton-transfer process. For
example, for the P3→F3 reaction the activation entropy is negative in
all cases (positive−TΔS≠). This means that the reacting system has a
smaller available conﬁgurational space at the transition state. The
reduction in conﬁgurational space is fully consistent with the fact that
the proton transfer involves a change from a neutral pair (Glu286 –
H2O) to an ion pair (Glu286− – H3O+). In the transition state the
water molecules and polar protein residues are partially oriented
towards the charges of the ion pair and this reduces the entropy of the2
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Fig. 6. Calculated free energy proﬁle for the proton transfer betweenGlu286 and theOH-
in the catalytic site for the Asn139Asp mutant CytcO. We indicate the calculated QCP
NQM corrections for hydrogen (H) and deuteron (D) for both ground and transition
states. The corresponding total NQM corrections lead to an isotope effect of ~7. Note
however, that more careful study on both barriers is required for more general
conclusion.system. An additional factor is associated with the constraint on the
rotation of Glu286, which is relatively ﬁxed at the transition state.
Another feature is the fact that the entropic contribution is larger in
H2O than in D2O. Here, we can invoke entropy–enthalpy compensa-
tion, since the NQM effect leads to a larger reduction in ΔH≠ for the
proton than for the deuteron. The resulting compensation by the
activation entropy is reﬂected in the overall activation entropy (which
includes a NQM contribution and a classical contribution). However,
we can also obtain this trend from the vibronic treatment (see below).
It should also be noted that the same behavior for the proton and
deuteron NQM entropies has been observed with other systems such
as e.g. lipoxygenase [82] and alcohol dehydrogenase [36]. However,
the trend in the classical treatment is expected to be different (e.g.
negative activation entropy in ADH, see [55]) due to the different
charge distributions in the transition and ground states.
The general behavior of the quantum contribution to the activation
free energy can be explored by using the vibronic treatment discussed
above. In doing so it is useful to consider a harmonic approximation
for the effective barrier using:
w≠ Rð Þ = w Rð Þ + Δg≠00 Rð Þ ≅ Δg≠min + K R−R0ð Þ2: ð22Þ
Substituting this expression in Eq. (9) gives:
k∝ ∫
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n oh i
: ð23Þ
Note that for simplicity the integration range has been extended
over (−∞,∞). This is a reasonable approximation because the integral
has almost no contribution for Rb0. Using Eq. (23) we obtain:
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One can easily verify from the above expression that for physically
meaningful numerical values, the ﬁrst two terms have very small
contribution. Consequently, we can approximate –TΔS as:
−TΔS≠ ≈ 58
ﬃﬃﬃﬃ
m
p
β R0−2bð Þ2
58
ﬃﬃﬃﬃ
m
p
=K
 2 + βh i2 : ð25Þ
5.5. Analyzing the trend in the experimental results
The above relation provides a few important physical insights,
namely (i) −TΔS≠ increases rapidly with increasing R0, where the
position of the minimum of w#(R) moves to higher values, and (ii) for
intermediate values of the force constant K, we can ﬁnd that−TΔS≠ is
lower in deuterium than in hydrogen. Thus,−TΔS≠(D)−(−TΔS≠(H))
becomesnegative, i.e. this agreeswith both theP3→F3 reaction, and the
F3→O4.
It should be clariﬁed that the above general behavior depends
strongly on the PMF used and it suffers from the fact that the vibronic
treatment is invalid in the range for R values b2.6 Å (see analysis in
[37]). Thus a more general veriﬁcation would require QCP path
integral calculations at different temperatures but this is left to
subsequent studies.
Our main point in the discussion of the quantum entropic effect is to
establish that the trend in the sign of −TΔS≠(D)−(−TΔS≠(H)) is
consistent with the observed trend in the KIE for different enzymes and
with qualitative considerations. The details of this behavior can provide
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the quantitative trend is challenging and can only be done with full QCP
type analysis. On the other hand, the observation of a large KIE and its
temperature dependence is easier to analyze because it reﬂects large
donor–acceptor distances where the vibronic treatment is valid. In
addition, the classical −TΔS≠ does provide important information on
changes in the environment of the donor and acceptor system.
At this point it is useful to turn to the observed temperature
dependence of the KIE. As was found in an analysis of mutants of
dihydrofolate reductase (DHFR) [37] there is considerable tempera-
ture dependence in cases where the contribution is large from
conﬁgurations with large donor–acceptor distances. In the case of
CytcO one has to be careful with the analysis because a speciﬁc
reaction step may involve several proton-transfer events [41]. Thus, it
is most straightforward to start with the Asn139Asp mutant CytcO,
which does not pump protons.
The simplest explanation for the larger KIE for the F3→O4 than for
the P3→F3 reaction is that the proton donor–acceptor distance is
larger in the F3→O4 than in the P3→F3 reaction. Note however, that
the two reactions involve proton transfer through the same (D)
pathway to the catalytic site. Alternatively, the exotermicities of the
proton-transfer reactions may be different due to different proton
acceptors at the catalytic site [23] and thereby the electrostatic effects
on the proton transfer would be different. However, we exclude this
possibility as the larger KIE appears to be linked to proton transfer on
the proton-release (P) side of the CytcO and not proton transfer to the
catalytic site (see discussion above).Yet another possibility, which is
consistent with other results discussed above, is that the PMF for
rotating Glu286 is steeper in the F3→O4 than in the P3→F3 reaction.
This explanation is consistent with the proton transfer during the
F3→O4 reaction being controlled by a change in structure above the
hemes if such a change is tightly linked to a reorientation of the
Glu286 side chain (as discussed in detail in [80]).
Another major effect is the disappearance of the temperature
dependence of the KIE for the SUIII− CytcO in the F3→O4 reaction.
Here, it is possible that rate-determining proton-transfer step is
different than in the intact wild-type CytcO.We note thatwhile for the
wild-type CytcO at the initiation of the F3→O4 reaction Glu286 is
protonated, for the two-subunit CytcO Glu286 is likely to be in the
ionized state because there is no proton uptake during the P3→F3
reaction [32] (Fig. 2c). Consequently, the F3→O4 reaction involves
proton transfer all the way through the D pathway, rather than from
Glu286 followed by reprotonation of the residue (as in the wild-type
CytcO). Furthermore, with the SUIII− CytcO, two substrate protons
are taken up on the time scale of the F3→O4 reaction (c.f. onewith the
wild-type CytcO) (c.f. Fig. 2b and c); one proton to the catalytic site
and one to re-protonate the ionized Glu286. Interestingly, in the
F3→O4 step with the SUIII− CytcO the sign of the activation entropy
(−TΔS≠) is different from that obtained with the wild-type CytcO
(see Table 1), which indicates that the proton-transfer transition state
is different for the SUIII− CytcO. One explanation of this result is that
the systemmoves from a charged ground state to less polar transition
state, which is consistent with Glu286 carrying a charge upon
initiation of the F3→O4 reaction (see Fig. 2c). Even though the proton
transfer to the catalytic site requires Glu286 to be re-protonated,
because of the different initial state, the proton transfer may involve a
different pathway, e.g. via an additional watermolecule. Alternatively,
in this case proton transfer to the ionized Glu286 may be rate limiting
for the overall process.
6. Summary and concluding remarks
The data show that for the P3→F3 reaction qualitatively the same
or similar KIEs, thermodynamic parameters (or the ratio of these
parameters in H2O and D2O) (Table 1) and temperature dependencies
of the KIE (Fig. 5) were observed for the wild-type, SUIII− andAsn139Asp CytcOs. This indicates that the same proton-transfer
reaction is rate limiting irrespectively if the reaction involves
(i) proton transfer all the way through the D pathway to the catalytic
site and proton pumping (wild-type CytcO, see Fig. 2b), (ii) internal
proton transfer from Glu286 to the catalytic site, no proton transfer
through the D pathway to re-protonate Glu286 and presumably no
proton pumping (SUIII− CytcO, see Fig. 2c), and (iii) proton transfer
all the way through the D pathway to the catalytic site, but no proton
pumping (Asn139Asp mutant CytcO, see Fig. 2d). Thus, the data are
consistent with the proton transfer from Glu286 to the catalytic site
being rate-limiting for this reaction.
The situation is strikingly different for the F3→O4 reaction, which
in the wild-type CytcO involves the same proton-transfer events as
the P3→F3 step and differs from the latter only in that it involves
internal electron transfer to the catalytic site. First, the F3→O4
reaction displays a signiﬁcantly larger KIE in all investigated CytcO
variants. Next, for the (pumping) wild-type and SUIII− CytcOs, the
ΔH≠ and−TΔS≠ valueswere the same in H2O and D2O, although they
differed between the two enzyme types. For the Asn139Asp mutant
CytcO, which does not pump protons in H2O but pumps to some
extent in D2O [73], the ΔH≠ and −TΔS≠ were different in H2O and
D2O. Furthermore, in all cases the ΔH≠ contributions were signiﬁ-
cantly larger and the −TΔS≠ were signiﬁcantly smaller for the
F3→O4 than for the P3→F3 step. In addition, while the temperature
dependencies of the KIE were similar for all enzyme forms in the
P3→F3 step (Fig. 5a), signiﬁcant differences were observed for the
F3→O4 reaction (Fig. 5b). Thus, a comparison of the thermodynamic
parameters for the P3→F3 and F3→O4 reactions indicates that these
reactions may involve different rate-determining steps. In fact, it is
possible that while the P3→F3 reaction is rate-limited by proton
transfer to the catalytic site, the F3→O4 reaction is rate-limited by a
structural change, presumably related to the function of CytcO as a
proton pump. It should be noted that the computational results
discussed above indicate a slight movement of the Glu286 side chain
during the P3→F3 reaction, but this change in conﬁguration is only
part of the proton-transfer event and it is not implied to be the
structural change that is suggested to be rate-determining for the
F3→O4 reaction. Note however, that for the F3→O4 in the Asn139Asp
mutant we obtain the best agreement between the calculated and
observed KIE. The signiﬁcance of this ﬁnding requires further study.
As described in the “Introduction” section, the operation of any
redox-driven proton pump requires control of internal electron and
proton-transfer reactions to prevent leaks and assure that at any step
of the reaction protons are taken up from the “correct”, N side, of the
membrane. Controlling internal electron transfer and proton transfer
from the N-side of the membrane to the catalytic site by the release of
the pumped proton to the P-side (as suggested here for the F3→O4
reaction) is oneway to solve this problem. In an early discussion of the
P3→F3 reaction it was pointed out [84] that it is “artiﬁcial” in that it
occurs only in the four-electron (fully) reduced CytcO where electron
transfer from heme a to the catalytic site is faster than the proton
transfer to the catalytic site (see discussion above). Even though the
conclusion that proton pumping does not occur [84] in this reaction
was proven to be incorrect [29,85] (these are technically difﬁcult
measurements and was not straightforward to demonstrate proton
pumping in a single, speciﬁc reaction of CytcO), it is a fact that the
P3→F3 reaction is unique in that it is the only reaction step in CytcO
that does not involve simultaneous electron transfer to the catalytic
site (c.f. Fig. 2). As already mentioned above, the electron transfer to
form the P3 state (i) is not linked to any proton uptake from solution
[86] and (ii) it occurs also when the internal proton donor to the
catalytic site, Glu286, is removed by mutation (Glu286Gln mutant
CytcO) [87]. Because the state of the CytcO upon initiation of the
P3→F3 is different from that upon initiation of the F3→O4 reaction
(as well as other steps during CytcO turnover, which all involve
simultaneous electron transfer to the catalytic site), it is possible that
1093A.-L. Johansson et al. / Biochimica et Biophysica Acta 1807 (2011) 1083–1094the mechanism of proton gating during P3→F3 is different. In other
words, the sequence of events during P3→F3 leads to proton
pumping by the same mechanism as in any other step of the reaction,
only that in this case the reaction is not controlled (rate-limited) by
the structural changes referred to above. A corollary of this statement
is that proton pumping during P3→F3 may be more sensitive to
changes in the transmembrane electrochemical potential because it is
not controlled (as tightly as) the other steps of the CytcO reaction (it
should be noted that all measurements of proton pumping during
P3→F3 so far have been made in the absence of a transmembrane
potential).
In summary, the discussion above suggests that understanding the
(simpler) P3→F3 reaction offers insights into internal proton-transfer
reactions that eventually lead to pumping while during the F3→O4
reaction, which is representative of any other reaction step during
turnover, there may be an additional level of control, which ensures
that the proton-pumping stoichiometry is maintained also in the
presence of a transmembrane electrochemical gradient. The present
study considers only a preliminary calculation of the KIE and its
temperature dependence. However, the requirement of reproducing
the observed effects (with full QCP simulation) imposes a major
consistency constraint on modeling studies of CcO.
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